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We report the crystal growth and structural and magnetic properties of quasi two-dimensional
S = 1/2 quantum magnet Cu[C6H2(COO)4][H3N-(CH2)2-NH3]·3H2O. It is found to crystallize in
a monoclinic structure with space group C2/m. The CuO4 plaquettes are connected into a two-
dimensional framework in the ab-plane through the anions of [C6H2(COO)4]
4− (pyromellitic acid).
The [H3N-(CH2)2-NH3]
2+·3H2O groups are located between the layers and provide a weak interlayer
connection via hydrogen (H...O) bonds. The temperature dependent magnetic susceptibility is well
described by S = 1/2 frustrated square lattice (J1 − J2) model with nearest-neighbor interaction
J1/kB ' 5.35 K and next-nearest-neighbor interaction J2/kB ' −0.01 K. Even, our analysis using
frustrated rectangular lattice (J1a,b − J2) model confirms almost isotropic nearest-neighbour inter-
actions (J1a/kB ' 5.31 K and J1b/kB ' 5.38 K) in the ab-plane and J2/kB ' −0.24 K. Further,
the isothermal magnetization at T = 1.9 K is also well described by a non-frustrated square lattice
model with J1/kB ' 5.2 K. Based on the J2/J1 ratio, the compound can be placed in the Ne´el
antiferromagnetic state of the J1 − J2 phase diagram. No signature of magnetic long-range-order
was detected down to 2 K.
PACS numbers: 75.30.Et, 75.50.Ee, 75.40.Cx, 75.50.-y, 75.10.Jm
I. INTRODUCTION
Quasi-two-dimensional (2D) antiferromagnets are ideal
materials to study the interplay between quantum fluctu-
ations and magnetic frustration due to competing inter-
actions. Frustrated square lattice (FSL or J1−J2 model)
model is the best known example in this category. The
Hamiltonian of the isotropic FSL model can be written
as
Hˆ = J1
N∑
〈ij〉1
Si · Sj + J2
N∑
〈ij〉2
Si · Sj , (1)
where J1 and J2 are the nearest-neighbour (NN) (along
the edge) and next-nearest-neighbour (NNN) (along the
diagonal) interactions, respectively in a square. The
classically possible ground states in this model are de-
termined by the frustration angle φ = tan−1(J2/J1).[1]
There are three possible order states: Ne´el antiferromag-
netic (NAF, −0.5pi ≤ φ ≤ 0.15pi), columnar antiferro-
magnetic (CAF, 0.15pi ≤ φ ≤ 0.85pi), and ferromag-
netic (FM, 0.85pi ≤ φ ≤ −0.5pi) states with wave vec-
tors (Qx, Qy) = (pi, pi), [(pi, 0) or (0, pi)], and (0, 0),
respectively.[2, 3] The transition regimes NAF/CAF and
CAF/FM are known as quantum critical regimes, though
the precise boundaries of these regimes are not yet well
defined. It is proposed that the ground state in these
critical regimes are not exactly quantum spin-liquid but
different dimer phases with a singlet gap and gapless ne-
matic phases, respectively.[2, 4–8]
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The J1 − J2 phase diagram has been extended further
to the spatially anisotropic square lattice or rectangular
lattice (known as J1a,b − J2 model).[9] The Hamiltonian
for a 2D S = 1/2 frustrated rectangular lattice (FRL)
model can be written as
Hˆ = J1a
N∑
〈ij〉1a
Si ·Sj+J1b
N∑
〈ij〉1b
Si ·Sj+J2
N∑
〈ij〉2
Si ·Sj . (2)
Here, J1a and J1b are the anisotropic exchange couplings
along the edges of the square and the coupling along the
diagonals (J2) remains same. The classically predicted
phase diagram becomes a function of frustration angle
φ = tan−1
(
J2/
√
(J21a+J
2
1b)
2
)
and anisotropy parameter
θ = tan−1(J1b/J1a). The introduction of a rectangular
distortion does not significantly change the phase dia-
gram. The predicted phases are FM, NAF, and columnar
antiferromagnets [CAFa, (Qx, Qy) = (pi, 0) and CAFb,
(Qx, Qy) = (0, pi)]. The only difference is that the CAF
phases are degenerate for the isotropic model (J1a = J1b)
with θ = pi4 or θ =
−3pi
4 . Further, the J1a,b−J2 model pre-
dicts that the CAF phase is stable for all values of φ, es-
pecially in the spin nematic phase regime of the isotropic
J1 − J2 model.[9]
The S = 1/2 FSL model has been realized in
the class of layered V4+ based inorganic compounds
AA′(VO)(PO4)2 (AA′ = Zn2, Pb2, SrZn, PbZn, BaZn,
and BaCd) and Li2VO(Si,Ge)O4.[10–20] Among these
compounds, BaCdVO(PO4)2 is the one located very close
to the nematic phase regime in the J1 − J2 phase dia-
gram and is being extensively studied. Some of the re-
cent studies have reported the signature of spin nematic
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2phase in BaCdVO(PO4)2.[21–23] A few metal-organic
compounds based on V4+ and Cu2+ have also been stud-
ied in light of the 2D spin-1/2 Heisenberg model.[24–27]
A series of Cu based quasi-2D organometallic magnets
where Cu2+ ions are bridged by pyrazine molecules are
[Cu(HF2)(pyz)2]X (X = BF
−
4 , ClO
−
4 , PF
−
6 , SbF
−
6 , and
AsF−6 )[28] and [Cu(pyz)2]X2 (X= ClO
−
4 and BF
−
4 ).[29–
31] These compounds are having square lattice network
with negligible NNN exchange coupling (J2). Another
family of Cu based organo-metallic square lattice com-
pounds are A2CuX4 (A = 5CAP and 5MAP, X = Br and
Cl) without frustration.[25] Recently, we have reported
that Cu[C6H2(COO)4][C2H5NH3]2 is a quasi-2D spa-
tially anisotropic non-frustrated spin-1/2 square lattice
with exchange couplings J1a/kB = 5.6 K and J1c/kB =
8.0 K along a- and c-directions, respectively.[27]
In this work, we report the synthesis and mag-
netic properties of a new organic spin-1/2 quantum
magnet Cu[C6H2(COO)4][H3N-(CH2)2-NH3]·3H2O (or
C12H18CuN2O11). The magnetization data analysis con-
firms the non-frustrated quasi-2D nature with a weak
anisotropy in the in-plane couplings. It does not show
the onset of magnetic long-range-ordering (LRO) down
to 2 K, reflecting weak inter-plane coupling and hence
perfect two-dimensionality.
II. TECHNIQUES
Single crystals of the Cu(II)-based metal organic hy-
brid compound C12H18CuN2O11 were synthesised by us-
ing 1,2,4,5-benzenetetracarboxylic acid (H4BTC). Since
the compound contains four carboxylic acid groups, we
were initially getting mixture of products from which iso-
lation of pure phase of the material was difficult. After
repeated trials and by varying the reaction conditions
the phase-pure form of the compound was obtained by
adopting the following procedure. Copper acetate mono-
hydrate (5 mmol, 1.00 g), ethylene diamine (5 mmol,
0.35 mL), H4BTC (5 mmol, 1.27 g) were reacted in 30
mL DMF-water mixture (taken in 1:1 volume ratio). The
initial blue product formed was filtered out. The clear
and pale blue filtrate obtained was kept for slow evap-
oration for 8 days at room temperature. Light bluish
needle type crystals of the target compound in phase-
pure form were separated and dried in air. The yield was
45% (based on Cu).
Single crystal x-ray diffraction (XRD) was performed
on a good-quality single crystal at room temperature
using a Bruker KAPPA APEX-II CCD diffractometer
equipped with graphite monochromated Mo Kα1 radi-
ation (λ = 0.71073 A˚). The data were collected using
APEX3 software and reduced with SAINT/XPREP.[32]
An empirical absorption correction was done using the
SADABS program.[33] The structure was solved with
direct methods using SHELXT-2018/2[34] and refined
by the full matrix least squares on F 2 using SHELXL-
2018/3, respectively.[35] All the hydrogen atoms were
Cu
H
O
C
N
a
c
FIG. 1. (a) Three dimensional view of the C12H18CuN2O11
structure featuring negatively charged {Cu[C6H2(COO)4]}2−
layers connected by the [H3N-(CH2)2-NH3]
2+·3H2O groups
through hydrogen bond. J⊥ is the exchange coupling between
two layer. (b) A section of the {Cu[C6H2(COO)4]}2− layer
in ab-plane showing the exchange couplings forming a rectan-
gular spin lattice of Cu2+ ions. The exchange couplings J1a
and J1b are along the edges of the rectangle and J2 is along
the diagonal.
placed geometrically and held in the riding mode for the
final refinements. The final refinements included atomic
positions for all the atoms, anisotropic thermal parame-
ters for all the nonhydrogen atoms, and isotropic thermal
parameters for the hydrogen atoms. The crystal data and
details of the structure refinement parameters are listed
in Table I.
As the size of the crystals was too small, it was not pos-
sible to do the magnetic measurements on the individual
crystals and hence powder sample was used for this pur-
pose. The temperature (T ) dependent magnetic suscepti-
bility [χ(T )] in four different magnetic fields (µ0H = 0.5,
1, 3, and 5 T) was measured in the temperature range
2 ≤ T ≤ 300 K using the vibrating sample magnetometer
(VSM) attachment to the Physical Property Measure-
ment System (PPMS, Quantum Design). A magnetic
isotherm (magnetization M vs field H) was measured by
varying the magnetic field from 0 to 14 T at T = 1.9 K.
3TABLE I. Crystal structure data for C12H18CuN2O11at room
temperature.
Empirical formula C12H18CuN2O11
Formula weight (Mr) 429.8
Temperature 296(2) K
Crystal system Monoclinic
Space group C2/m
Lattice parameters a = 11.4258(3) A˚,
b = 18.4562(5) A˚,
c = 7.4747(2) A˚,
β = 95.079(2)◦
Unit cell volume (Vcell) 1570.05(7) A˚
3
Z 4
Radiation type MoKα1
Wavelength (λ) 0.71073 A˚
Diffractometer Bruker KAPPA APEX-II CCD
Crystal size 0.2× 0.15× 0.1 mm3
2Θ range for data collection 4.2◦ to 50◦
Index ranges −13 ≤ h ≤ 13,
−21 ≤ k ≤ 21,
−8 ≤ l ≤ 8
Absorption coefficient (µ) 1.459 mm−1
F (000) 884
Reflections collected 6671
Independent reflections 1429 [Rint = 0.0183]
Data/restraints/parameters 1429/3/128
Goodness-of-fit on F 2 1.104
Final R indexes, I ≥ 2σ(I) R1 = 0.0272, ωR2 = 0.0709
Final R indexes, all data R1 = 0.0293, ωR2 = 0.0723
Largest difference peak/hole 1.014 / -0.487 e.A˚−3
Calculated crystal density ρcal 1.818 mg/mm
3
The Quantum Monte Carlo (QMC) simulation for
magnetization was performed assuming the Heisenberg
model on a nonfrustrated square lattice with an isotropic
exchange coupling. We used the Hamiltonian in the
presence of a magnetic field Hˆ = J∑〈i,j〉 Si · Sj −
H
∑
i S
z
i , where J represents the exchange coupling
strength between spins at the ith and jth sites and H
is the external magnetic field. We used the directed
loop QMC algorithm in the stochastic series expansion
representation[36, 37] implemented in the ALPS software
package.[38] The lattice size was taken to be 20×20 (400
sites) and measurements were done from a simulation of
about 105 sweeps including about 5000 thermalization
sweeps.
III. RESULTS
A. Crystal Structure
C12H18CuN2O11 stabilizes in a monoclinic crystal
structure with space group C2/m. The lattice param-
eters, atomic positions, and main bond distances along
with their angles at room temperature are tabulated in
Tables I, II, and III, respectively. The crystal struc-
ture is shown in Fig. 1. Each Cu atom is bonded with
four O atoms forming a CuO4 square. As the Cu-O dis-
tances are unequal, CuO4 is slightly distorted. The CuO4
plaquettes are connected via [C6H2(COO)4]
4− building
rectangular layers in the ab-plane [Fig. 1(b)]. The dis-
tance between NN Cu2+ ions along the smaller edge
(along a-axis) of a rectangle is ∼ 5.7176 A˚while along
the longer edge (along b-axis) these distances are unequal
(∼ 8.9963 A˚ and ∼ 9.4599 A˚). Hence, the rectangular lat-
tice is expected to be anisotropic or to form a trapezoid.
The corresponding exchange couplings are marked as J1a
and J1b along the a- and b-axes, respectively as shown in
Fig. 1(b). The NNN distances between Cu2+ ions along
diagonals of the rectangle is ∼ 10.8533 A˚with exchange
coupling J2. Further, the distance between two Cu
2+
ions in two adjacent layers along the crystallography
c-axis is ∼ 7.4747 A˚. The [H3N-(CH2)2-NH3]2+·3H2O
groups lie sandwiched between the layers and are con-
necting the Cu2+ ions from the adjacent layers via weak
hydrogen bonds [see Fig. 1(a)]. Thus, because of the
large spacial distance and weak hydrogen bonding, the
inter-layer interaction (J⊥) is expected to be very weak.
B. Magnetic Susceptibility
Magnetic susceptibility (χ = M/H) as a function of
temperature (T ) measured in an applied field of µ0H =
0.5 T is shown in the upper panel of Fig. 2. In the high
temperature region, χ(T ) increases systematically with
lowering temperature, typically expected in the param-
agnetic state. It then passes through a broad maximum
at around Tmaxχ ' 5.13 K mimicking the short-range AF
ordering in the system. This is a clear evidence of quasi-
2D nature of the compound. No signature of magnetic
LRO was observed down to 2 K. As shown in the inset of
the upper panel of Fig. 2, the broad maximum shifts to-
wards lower temperatures with increasing magnetic field.
This behavior is quite similar to that observed in other
low-dimensional antiferromagnets.[10, 27]
χ(T ) in the high temperature region can be fitted by
χ(T ) = χ0 +
C
T − θCW , (3)
where, χ0 is the temperature-independent susceptibil-
ity consisting of core diamagnetic susceptibility (χdia)
of the core electron shells of the atoms and Van-Vleck
4TABLE II. The atomic coordinates (x, y, z) for
C12H18CuN2O11. Uiso is the isotropic atomic displace-
ment parameters which is defined as one-third of the trace
of the orthogonal Uij tensor. The errors are from the
least-square structure refinement. The positions of hydrogen
atoms are fixed.
Atomic sites x y z Uiso(A˚
2)
Cu(1) 0.5000 0.2563(1) 0.5000 0.014(1)
C(1) 0.6438(2) 0.3652(1) 0.4217(3) 0.017(1)
C(2) 0.7105(2) 0.4346(1) 0.4625(3) 0.016(1)
C(3) 0.8186(2) 0.4346(1) 0.5676(3) 0.015(1)
C(4) 0.8826(2) 0.3647(1) 0.6121(3) 0.017(1)
C(5) 0.6582(3) 0.5000 0.4095(5) 0.018(1)
C(6) 0.8710(3) 0.5000 0.6194(5) 0.017(1)
C(7) 0.8001(3) 0.2579(2) 1.0704(4) 0.028(1)
N(1) 0.8215(2) 0.3372(1) 1.0812(3) 0.027(1)
O(1′) 0.6135(3) 0.4228(2) 0.8964(3) 0.053(1)
O(2′) 1.1385(14) 0.5000 0.9284(18) 0.276(7)
O(1) 0.6159(1) 0.3316(1) 0.5616(2) 0.019(1)
O(2) 0.6151(2) 0.3465(1) 0.2655(2) 0.029(1)
O(3) 0.8804(1) 0.3193(1) 0.4837(2) 0.021(1)
O(4) 0.9361(2) 0.3563(1) 0.7637(2) 0.026(1)
H(5) 0.5875 0.5000 0.3377 0.021
H(6) 0.9423 0.5000 0.6899 0.021
H(1A) 0.8805 0.3462 1.1641 0.04
H(1B) 0.8399 0.3534 0.9751 0.04
H(1C) 0.7569 0.3595 1.1109 0.04
H(7A) 0.7809 0.2399 1.1862 0.034
H(7B) 0.8706 0.2333 1.0394 0.034
H(1A′) 0.581(3) 0.407(4) 0.784(4) 0.14(3)
H(1B′) 0.6826 0.4369 0.8998 0.21(4)
paramagnetic susceptibility (χvv) of the open shells of
the Cu2+ ions in the sample. The second term is the
Curie-Weiss (CW) law where C is Curie constant and
θCW is Curie-Weiss temperature. Our experimental χ(T )
data in the temperature range T ≥ 18 K were fitted
well by Eq. (3) yielding χ0 ' −2.26 × 10−4 cm3/mol-
Cu2+, C ' 0.46 cm3.K/mol-Cu2+, and θCW ' −5.17 K.
The negative Curie-Weiss temperature indicates predom-
inance of AF exchange interactions between the Cu2+
ions in the compound. From the value of C, the effective
magnetic moment µeff = (3kBC/NAµ
2
B)
1
2 , (where kB is
the Boltzmann constant, NA is the Avogadros number,
and µB is the Bohr magneton) is estimated to be µeff '
1.91 µB/Cu
2+. This value of µeff [= g
√
S(S + 1)µB] cor-
responds to a Land g-factor of g ' 2.21 which is slightly
larger than the ideal value (g = 2), expected for spin-
1/2. A slightly larger value of g is typically found for
Cu2+ based compounds from ESR experiments.[39–41]
To understand the geometry of the spin lattice, χ(T )
in the high temperature regime was fitted by the sum of
a temperature independent term (χ0) and a temperature
TABLE III. Some selected bond lengths and bond angles for
C12H18CuN2O11.
Bond length Bond length
(A˚) (A˚)
C(1)-O(2) 1.234(3) C(4)-O(4) 1.249(3)
C(1)-O(1) 1.280(3) C(4)-O(3) 1.273(3)
C(1)-C(2) 1.508(3) N(1)-C(7) 1.485(4)
C(2)-C(5) 1.389(3) C(7)-C(7)1 1.513(5)
C(2)-C(3) 1.404(3) O(1)-Cu(1) 1.9464(16)
C(3)-C(6) 1.388(3) O(3)-Cu(1)2 1.9490(16)
C(3)-C(4) 1.505(3)
Bond angles Bond angles
(◦) (◦)
O(2)-C(1)-O(1) 124.9(2) C(2)3-C(5)-C(2) 120.7(3)
O(2)-C(1)-C(2) 121.1(2) C(3)3-C(6)-C(3) 121.0(3)
O(1)-C(1)-C(2) 113.9(2) N(1)-C(7)-C(7)1 109.8(3)
C(5)-C(2)-C(3) 119.6(2) C(1)-O(1)-Cu(1) 111.50(15)
C(5)-C(2)-C(1) 118.9(2) C(4)-O(3)-Cu(1)2 117.21(15)
C(3)-C(2)-C(1) 121.1(2) O(1)-Cu(1)-O(1)4 88.92(10)
C(6)-C(3)-C(2) 119.5(2) O(1)-Cu(1)-O(3)5 169.86(7)
C(6)-C(3)-C(4) 119.6(2) O(1)4-Cu(1)-O(3)5 92.14(7)
C(2)-C(3)-C(4) 120.7(2) O(1)-Cu(1)-O(3)2 92.14(7)
O(4)-C(4)-O(3) 125.2(2) O(1)4-Cu(1)-O(3)2 169.86(7)
O(4)-C(4)-C(3) 119.8(2) O(3)5-Cu(1)-O(3)2 88.59(10)
O(3)-C(4)-C(3) 114.9(2)
Symmetry transformations used to generate equivalent atoms
of table III:
1-x+3/2,-y+1/2,-z+2 2-x+3/2,-y+1/2,-z+1 3x,-y+1,z
4-x+1,y,-z+1 5x-1/2,-y+1/2,z.
dependent term
χ(T ) = χ0 + χspin(T ). (4)
Here, χspin(T ) is the high-temperature series expansion
(HTSE) of spin susceptibility for the spin-1/2 FSL model
(J1 − J2 model).[17, 42] The expression is given by
χspin(T ) =
NAg
2µ2B
kBT
∑
n
(
J1
kBT
)n∑
m
cm,n
(
J2
J1
)m
.(5)
The values of the coefficients, cm,n are tabulated in
Ref. [17]. The best fit of the χ(T ) data (upper panel
of Fig. 2) by Eq. (4) in the temperature range T >
5.4 K resulted two different solutions: Solution I: χ0 '
−2.65× 10−4 cm3/mol-Cu2+, J1/kB ' 5.35 K, J2/kB '
−0.01 K, and g ' 2.23 and Solution II: χ0 ' −2.68 ×
10−4 cm3/mol-Cu2+, J1/kB ' 5.35 K, J2/kB ' 0.01 K,
and g ' 2.23. As discussed later, the solution I appears
to be the correct solution. In both cases, the value of J2
is negligibly small and hence can be ignored. Neverthe-
less, for both the solutions the compound can be placed
in the NAF regime of the J1 − J2 phase diagram.
As discussed earlier, the Cu2+ ions form a slightly dis-
torted square lattice. In an attempt to test the spin-
lattice, χ(T ) data were fitted by the FRL model (see
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FIG. 2. Upper panel: χ(T ) vs T in an applied field of µ0H =
0.5 T. The solid and dashed lines are the best fits of the
data using HTSE of frustrated square lattice and frustrated
rectangular lattice models [Eq. (4)], respectively. Inset: The
low temperature χ(T ) measured in different fields. Lower
panel: Inverse magnetic susceptibility (1/χ) vs T and the
solid line is the Curie-Weiss fit.
Fig. 2). The fit was done using Eq. (4) where χspin
is taken as HTSE for the anisotropic FSL/FRL model
given in Ref. [42]. Our fit in the temperature range
T > 5.4 K results χ0 ' −2.3 × 10−4 cm3/mol-Cu2+,
g ' 2.22, J1a/kB ' 5.31 K, J1b/kB ' 5.38 K, and
J2/kB ' −0.24 K. As J1a/kB and J1b/kB are having
almost equal magnitude, the spin-lattice can essentially
be treated as a weakly anisotropic square lattice.
C. Magnetic Isotherm
Magnetization (M) as a function of applied field (H)
measured at T = 1.9 K is shown in Fig. 3. M varies
almost linearly with H with a small curvature and at
µ0H = 14 T it is still below the saturation field. Accord-
ing to theoretical calculation by Schmidt et al.[7], the
saturation field of a FSL model can be expressed as
µ0HS =
JckBzS
gµB
{[
1− 1
2
(cosQx + cosQy)
]
cosφ
+ (1− cosQx cosQy) sinφ
}
,
(6)
where z = 4 is the magnetic coordination number, S =
1/2, and (Qx, Qy) are the wave vectors which are dif-
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FIG. 3. Magnetization (M) as a function of magnetic field H
at T = 1.9 K measured up to 14 T. The solid line is the QMC
simulation, assuming a uniform nonfrustrated square lattice
model with J/kB = 5.2 K.
ferent for different ordered states. Putting (Qx, Qy) =
(pi, pi), the saturation field for the NAF phase will have
the form µ0HS = 4J1kB/(gµB), which is independent of
J2. Using J1/kB ' 5.35 K and g = 2.23 in this for-
mula, the value of saturation field is calculated to be
µ0H
sq
S ' 14.3 T. Even putting the values of J1a and J1b
in a spin-1/2 FRL model, the saturation field is calcu-
lated to be µ0H
rect
S = 2(J1a+J1b)kB/(gµB) ' 14.3 T.[27]
In order to further understand the nature of spin lat-
tice, QMC simulation is done taking J/kB = 5.2 K
in a non-frustrated square lattice model. As shown in
Fig. 3, the QMC simulated data reproduce the shape
of our experimental curve perfectly reflecting the non-
frustrated square lattice nature of the spin-lattice. The
simulated curve changes the slope at around µ0H ' 15 T,
which is very close to the saturation field expected for
the compound. It reaches a saturation magnetization of
MS ' 1.1µB/Cu2+ for µ0H > 15 T which is consistent
with the expected value of MS = gSµB ' 1.1µB/Cu2+
for S = 1/2 and g = 2.23.
IV. DISCUSSION AND SUMMARY
According to mean field approximation, for the FSL
model, one can write θCW =
zS(S+1)
3kB
(J1 +J2).[43] Taking
S = 1/2, z = 4, J1/kB ' 5.35 K, and J2/kB ' −0.01 K,
we got θCW ' 5.34 K which is very close to the CW
temperature obtained from the 1/χ analysis. Using the
values of J1 and J2, the frustration control parameter is
calculated to be φ = −0.1◦ (∼ −0.0006pi), which places
the compound in the NAF ordered state of the J1 − J2
phase diagram.[10] Similarly, for a FRL model one can
write θCW = (
J1a+J1b
2 +J2)/kB. Taking J1a/kB ' 5.31 K,
J1b/kB ' 5.38 K, and J2/kB ' −0.24 K we got θCW '
6FIG. 4.
A rectangular unit showing the superexchange interactions
J1a and J1b along with their respective bridging angles
6 ψ ' 60.5◦ and 6 ξ ' 119.6◦ between C-atoms, in the
C6-phenyl ring.
5.11 K which is even closer to the CW temperature ob-
tained from the 1/χ analysis. The anisotropic angle and
frustration angle are estimated to be θ ' 0.252pi and
φ ' −0.014pi, respectively in the NAF regime of the
J1a,b − J2 phase diagram.[9]
Usually, in a frustrated magnet, the extent of frus-
tration can be quantified by the frustration parameter
f = |θCW|TN . C12H18CuN2O11 has no magnetic LRO
down to 2 K which makes this system a good example
of a quasi-2D AF system. The lower limit of the frus-
tration parameter of this compound is estimated to be
f > 5.172 ' 2.6, taking the upper limit of TN = 2 K.
Here, |θCW| > TN implies that the magnetic LRO (TN)
is prevented by quantum fluctuations due to low dimen-
sionality of the spin-lattice and the role of frustration
has negligible effect. Further, assuming that TN < 2 K
and using the appropriate exchange couplings, the upper
limit of the inter-layer coupling is estimated to be neg-
ligibly small compared to the intra-layer coupling.[3, 44]
Thus, this compound is another example of a quasi-2D
nonfrustrated system with J1/TN > 2.67, similar to the
compounds tabulated in Ref. [24].
From the crystal structure, the Cu-Cu distance
along b-direction is greater than the one along a-
direction. Therefore, one would expect J1a to be
larger than J1b. Similar scenario has been realized
in Cu[C6H2(COO)4][C2H5NH3]2 in which the DFT cal-
culations show that J1a < J1c, even though the
Cu-Cu distance along a-direction is alomost half of
the distance along c-direction.[27] This non-trivial be-
haviour is attributed to the characteristic features of
[C6H2(COO)4]
4− anion through which the superex-
change takes place. In Cu[C6H2(COO)4][C2H5NH3]2,
the effective bridging angles between C atoms belong-
ing to the C6-phenyl ring along the superexchange paths
are 6 ψ ' 59.9◦ and 6 ξ ' 120.1◦ for J1a and J1c, re-
spectively in the ac-plane. Therefore, it is argued that
according to Goodenough-Kanamori-Anderson rules one
finds J1c > J1a and does not follow Cu-Cu distance.
As shown in Fig. 4, in C12H18CuN2O11, the angles are
6 ψ ' 60.5◦ and 6 ξ ' 119.6◦. This explains why J1a and
J1b have nearly equal values despite different Cu-Cu dis-
tances. However, to establish this proposition, a precise
estimation of exchange couplings using band structure
calculation is required.
In summary, we have synthesized single crystals of
C12H18CuN2O11 and reported its crystal structure and
magnetic properties in detail. C12H18CuN2O11 crystal-
lizes in a monoclinic crystal structure with space group
C2/m. Because of the low symmetry crystal structure,
Cu2+ ions form anisotropic square lattices. The anal-
ysis of χ(T ) demonstrates that the compound behaves
as a nearly nonfrustrated spin-1/2 square lattice with
J1/kB ' 5.3 K, despite its anisotropic (or rectangular)
structural arrangement. Further, the shape of the mag-
netic isotherm at T = 1.9 K could be reproduced well by
the QMC simulation assuming a non-frustrated square
lattice with J/kB = 5.2 K, supporting the χ(T ) anal-
ysis. No sign of magnetic LRO down to 2 K indicates
minuscule inter-plane coupling in the system. In this
compound J2 is negligibly small, but its strength can be
increased and the frustration ratio J2/J1 can be tuned
by an appropriate choice of the organic ligand that pro-
vides superexchange pathway between the magnetic ions.
Thus, the metal organic complexes can reciprocate the in-
organic compounds as the model systems in the J1 − J2
phase diagram.
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